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Abstract 

It is well-known that leptogenesis in low energy scale is difficult in the conventional 
Type-I seesaw mechanism with hierarchical right-handed neutrino masses. We show 
that in a class of two Higgs doublet model, where one Higgs doublet generates masses 
of quarks and charged leptons whereas the other Higgs doublet with a tiny vacuum 
expectation value generates neutrino Dirac masses, large Yukawa couplings lead to a 
large enough CP asymmetry of the right-handed neutrino decay. Thermal leptogen- 
esis suitably works at low energy scale as keeping no enhancement of lepton number 
violating wash out effects. We will also point out that thermal leptogenesis works well 
without confronting gravitino problem in a supersymmetric neutrinophilic Higgs dou- 
blet model with gravity mediated supersymmetry breaking. Neutralino dark matter 
and baryon asymmetry generation by thermal leptogenesis are easily compatible in our 
setup. 
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1. Introduction 



An origin of cosmological baryon asymmetry is one of the prime open questions in particle 
physics as well as in cosmology. Among various mechanisms of baryogenesis, leptogenesis® 
is one of the most attractive idea because of its simplicity and the connection to neutrino 
physics. Particularly, thermal leptogenesis requires only the thermal excitation of heavy 
right-handed Majorana neutrinos which generate tiny neutrino masses via the seesaw mech- 
anism 2 ' and provides several implications for the light neutrino mass spectrumP The size 
of CP asymmetry in a right-handed neutrino decay is, roughly speaking, proportional to 
the mass of right-handed neutrino. Thus, we obtain only insufficiently small CP violation 
for a lighter right-handed neutrino mass. That is the reason why it has been regarded that 
leptogenesis in low energy scale is in general difficult in the conventional Type I seesaw 
mechanism.®'® 

On the other hand, in supersymmetric models with conserved R-parity to avoid rapid 
proton decay, thermal leptogenesis faces with "gravitino problem" that the overproduction of 
gravitinos spoils the success of Big Bang Nucleosynthesis (BBN),® whereas the stable lightest 
supersymmetric particle (LSP) becomes dark matter candidate. In order not to overproduce 
gravitinos, the reheating temperature after inflation should not be so high that right-handed 
neutrinos can be thermally produced.® In the framework of gravity mediated supersymmetry 
(SUSY) breaking, a few solutions, e.g., gravitino LSP with R-parity violationp very light 
axino LSP® and strongly degenerated right-handed neutrino masses,^ have been proposed. 

Recently, a new class of two Higgs doublet models (THDM)^® has been considered in 
Re f s p-E3 The motivation is as follows. As mentioned above, seesaw mechanism naturally 
realizes tiny masses of active neutrinos through heavy particles coupled with left-handed 
neutrinos. However, those heavy particles are almost decoupled in the low-energy effective 
theory, few observations are expected in collider experiments. Then, some people consider 
a possibility of reduction of seesaw scale to TeVp®®^ where effects of TeV scale right- 
handed neutrinos might be observed in collider experiments such as Large Hadron Collider 
(LHC) and International Linear Collider (ILC). However, they must introduce a fine-tuning 
in order to obtain both tiny neutrino mass and detectable left-right neutrino mixing through 
which experimental evidences can be discovered. Other right-handed neutrino production 
processes in extended models by e.g., Z' exchange 20 ' or Higgs/Higgsino decaj^ 2 ® also have 
been pointed out. Here, let us remind that Dirac masses of fermions are proportional to 
their Yukawa couplings as well as a vacuum expectation value (VEV) of the relevant Higgs 
field. Hence, the smallness of a mass might be due to not a small Yukawa coupling but 
a small VEV of the Higgs field. Such a situation is indeed realized in some THDM. For 
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example, in Type-II THDM with a large tan/3, the mass hierarchy between up-type quark 
and down-type quark can be explained by the ratio of Higgs VEVs, and when tan (3 ~ 40, 
Yukawa couplings of top and bottom quark are same scale of order of unity™ Similarly, 
there is a possibility that smallness of the neutrino masses comparing to those of quarks and 
charged leptons is originating from an extra Higgs doublet with the tiny VEV. This idea 
is that neutrino masses are much smaller than other fermions because the origin of them 
comes from different VEV of different Higgs doublet, and then we do not need extremely tiny 
neutrino Yukawa couplings. Let us call this kind of modeP^~^ neutrinophilic Higgs doublet 
model. Especially, in models in Refs.p^ 1 '^ 1 tiny Majorana neutrino masses are obtained 
through a TeV scale Type-I seesaw mechanism without requiring tiny Yukawa couplings. 

Notice that neutrino Yukawa couplings in neutrinophilic Higgs doublet models do not 
need to be so small. This fact has significant implication to leptogenesis. The CP violation 
of right-handed neutrino decay is proportional to neutrino Yukawa coupling squared. We 
can obtain a large CP violation for such large neutrino Yukawa couplings. This opens 
new possibility of low scale thermal leptogenesis. In this paper, we will show that CP 
asymmetry is enhanced and thermal leptogenesis suitably works in multi-Higgs models with 
a neutrinophilic Higgs doublet field, where the tiny VEV of the neutrinophilic Higgs field 
has equivalently larger neutrino Yukawa couplings, and then TeV-scale seesaw works well. 
We will show that the thermal leptogenesis suitably works at low energy scale as avoiding 
enhancement of lepton number violating wash out effects. We will also point out that thermal 
leptogenesis in gravity mediated SUSY breaking works well without confronting gravitino 
problem in a supersymmetric model. 

§2. Neutrinophilic Higgs doublet models 

2.1. Minimal neutrinophilic THDM 

Let us show a two Higgs doublet model, which we call neutrinophilic THDM model, 
originally suggested in RefJ® In the model, one additional Higgs doublet <I? U1 which gives 
only neutrino Dirac masses, besides the SM Higgs doublet $ and a discrete ^-parity are 
introduced. The Z 2 -symmetry charges (and also lepton number) are assigned as the following 
table. Under the discrete symmetry, Yukawa interactions are given by 

£yuka Wa = v'Qi&Ur + y d Q L $D R + y l L<PE R + y"L$ v N + ~MiV<=iV + h.c. (2-1) 

where <P = io-2 < &*, arid we omit a generation index. <E> V only couples with N by the ^-parity 
so that flavor changing neutral currents (FCNCs) are suppressed. Quark and charged lepton 
sectors are the same as Type-I THDM, but notice that this neutrinophilic THDM is quite 
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others 
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±1: leptons, 0: quarks 



different from conventional Type-I, II, X, Y THDMsP^ 1 

The Higgs potential of the neutrinophilic THDM is given by 

^ THDM = ml&z + - ^ (&*u + + y@*) 2 + y (*^") a 

+ A 3 (^^)(^) + A 4 (<^)(^) + y [(<^) 2 + (^) 2 ] . (2-2) 
The Z 2 -symmetry is softly broken by m\. Taking a parameter set, 

m% < 0, > 0, |m3|<m| v , (2-3) 

we can obtain the VEV hierarchy of Higgs doublets, 

9 —m% —m\v . A . 

Ai + (A 3 + A 4 + A 5 )w 2 

where we have decomposed the SM Higgs doublet $ and the extra Higgs doublet as 

.-(■ + **)-*-(* + **)- 

When we take values of parameters as m<p ~ 100 GeV, m$ u ~ 1 TeV, and \m\\ ~ 10 GeV 2 , 
we can obtain v v ~ 1 MeV. The smallness of |m|| is guaranteed by the "softly-broken" 
^-symmetry. 

For a very large tan/3 = v/v v {^$> 1) limit we are interested in, the five physical Higgs 
boson states and those masses are respectively given by 

H* ~ [0±], m 2 H± ~ml + \ 3 v 2 , (2-6) 

A~lm[0°], ~ ml + (A 3 + A 4 + X 5 )v 2 , (2-7) 

/z ~ Re[</>°], m 2 ~ 2A^ 2 , (2-8) 

H~Re[<P% m 2 H ~ml + (\ 3 + \ i + \ 5 )v 2 , (2-9) 

where negligible 0(v 2 ) and 0(777.3) corrections are omitted. Notice that tan/3 is extremely 
large so that the SM-like Higgs h is almost originated from <P, while other physical Higgs 
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particles, H ± ,H,A, are almost originated from <& v . Since & v has Yukawa couplings only 
with neutrinos and lepton doublets, remarkable phenomenology can be expected which is not 
observed in other THDMs. For example, lepton flavor violation (LFV) processes and oblique 
corrections are estimated in Ref.p^ and charged Higgs processes in collider experiments are 
discussed in RefsP- 113 Q. 

The neutrino masses including one-loop radiative corrections^ 1 are estimated as 
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(2-10) 



k n k 

where m R and mj are the masses of Re[0°] and lm[0°] respectively It is easy to see the 
tree level contribution gives (9(0.1) eV neutrino masses for M^ ~ 1 TeV, v v ~ 1 MeV and 
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(9(1). The one-loop contribution is induced for a nonvanishing A5. When m 2 R 
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(2-11) 

(2T2) 
(2-13) 
(2-14) 



Thus, when the masses of Higgs bosons (except for h) and right-handed neutrinos are (9(1) 
TeV, light neutrino mass scale of order 0(0.1) eV is induced with A5 ~ 10~ 4 . Thus, whether 
tree-level effect is larger than loop-level effect or not is determined by the magnitude of A5 
(and m^,m#), which contribute one-loop diagram. 

2.2. A UV theory of neutrinophilic THDM 

Here let us show a model in RefJ-^ 1 as an example of UV theory of the neutrinophilic 
THDM. This model is constructed by introducing one gauge singlet scalar field S, which 
has a lepton number, and i^-symmetry shown as the following table. Under the discrete 
symmetry, Yukawa interactions are given by 

1 



yukawa 



y u Q <PUr + y d Q L $D R + y l L$E R + y v L$ v N + —y SN c N + h.c. (2-15) 



*' The model deals with Dirac neutrino version in neutrinophilc THDM, but phenomenology of charged 
lepton has a similar region in part. 
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The Higgs potential can be written as 

V =m%\$\ 2 + ml v \Q v \ 2 - m 2 s \S\ 2 - \S 3 - kS&$ v 

+ y l^l 4 + y l^l 4 + A 3|<*f I'M 2 + A 4 |^| 2 
+ A 5 |5| 4 + \<p\S\ 2 \<P\ 2 + \$ V \S\ 2 \$ U \ 2 + h.c. (2-16) 

Z 3 -symmetry forbids dimension four operators, (&<P U ) 2 , &<P U \<P\ 2 , ^<P U \<P U \ 2 , S 4 , S 2 \S\ 2 , 
S 2 \<P\ 2 , S 2 \<P U \ 2 , and dimension two or three operators, S\<P\ 2 , S\<P U \ 2 . Although there 

might be introduced small soft breaking terms such as m' 2 &(I? v to avoid domain wall problem, 
we omit them here, for simplicity. It has been shown that, with k ~ 1 MeV, the desirable 
hierarchy of VEVs 

v s = (S) ~ 1 TeV, v ~ 100 GeV, v„ ~ 1 MeV, (2-17) 

and neutrino mass 

m u ~ (2-18) 

with Majorana mass of right-handed neutrino = y N v s can be realized.^ 1 This is so- 
called Type-I seesaw mechanism in a TeV scale, when coefficients y u and y N are assumed to 
be of order one. The masses of scalar and pseudo-scalar mostly from S are given by 

™ 2 h s = m l + 2X sv 2 s , m\ s = 9Xv s , (2-19) 

in the potential Eq. (12- 16|) without CP violation. For parameter region with v s ^> 1 TeV, 
both scalar and pseudo-scalar are heavier than other particles. After integrating out S, 
thanks to the ^-symmetry, the model ends up with an effectively neutrinophilic THDM 
with approximated ^-symmetry, <P — > — > —$ v . Comparing to the neutrinophilic 
THDM, the value of m 2 , which is a soft ^-symmetry breaking term, is expected to be kv s . 
A 5 is induced by integrating out S, which is estimated as 0(k 2 /m 2 s ) ~ 10 -12 . Thus, the 
neutrinophilic THDM has an approximate Z 2 -symmetry 
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As for the neutrino mass induced from one-loop diagram qI, UV theory induces small 
A5 ~ 1CU 12 due to Z 3 -symmetry, so that radiative induced neutrino mass from one-loop 
diagram is estimated as A5U 2 /(47r) 2 M ~ 10 -4 eV. This can be negligible comparing to light 
neutrino mass which is induced from tree level Type-I seesaw mechanism. The tree level 
neutrino mass is 

tree „ „ (2 . 2Q) 

M v 2 s M ' V ; 

where we input v v ~ *p On the other hand, one- loop induced neutrino mass is estimated 

as 

m** ~ „ (2 . 2 i) 

16tt 2 M 16tt 2 M 2 M 1 ; 

Putting M ~ v s , 

m l " op 1 

— , (2-22) 

m tree 16?r 2 ' V ) 

which shows loop induced neutrino mass is always smaller than tree level mass if UV theory 
is the model of RefJ-^ 1 

2.3. Supersymmetic extension of neutrinophilic Higgs doublet model 

Now let us show the supersymmetric extension of the neutrinophilic Higgs doublet model. 
The supersymmetric extension is straightforward by extending its Higgs sector to be a four 
Higgs doublet model. The superpotential is given by 

W = y u Q L H u U R + y d Q L H d D R + y l LH d E R + y v LH u N + MN 2 

+pH u H d + v'H v H v , + pH u H v , + p'H„H d , (2-23) 

where H u (H d ) is Higgs doublet which gives mass of up- (down-) sector. H u gives neutrino 
Dirac mass and H v i does not contribute to fermion masses. For the ^-parity, H u , H d are 
even, while H v , H u / are odd. The Z 2 -partity is softly broken by the p and p'. We assume that 
\p\, \p'\ ^> \p\, \p'\, and SUSY breaking soft squared masses can trigger suitable electro- weak 
symmetry breaking. The Higgs potential is given by 

V = (H 2 + \p\ 2 )HlH u + (\p\ 2 + \p'\ 2 )H\H d + (l/if + \p'\ 2 )HtH v + (I/if + \p\ 2 )Hl,H^ 
+f (Ht\H u - H\ l -H d + Ht l -H v - H\}-E^ 



„2 / _a _a _a a 

+ E f ( h »y Hu + H h Hd + H h Hv + H H H » 

a ^ 

+m 2 Hu HlH u + m 2 H H\H d + m 2 u HlH v + m 2 Hl,H v , 



*> We would like to thank J. Kubo and H. Sugiyama for letting us notice this topic. 
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+BpH u ■ H d + B'p'H u ■ H u , + BpH u ■ E v , + B'p'H v ■ H d 
+P* P H\H v , + p*p'HlH u + n'*p'HlH d + p'* P HtH u + h.c, 



(2-24) 



where r a and dot represent a generator of SU (2) and its anti-symmetric product respectively. 
We assume Max.[|£?p|, \B'p'\, \pp\, \p'p\, \pp'\, \fJ>'p'\] ~ 0(10) GeV 2 , which triggers VEV hier- 
archy between the SM Higgs doublet and neutrinophilic Higgs doublets. Notice that quarks 
and charged lepton have small non-holomorphic Yukawa couplings with H v , through one-loop 
diagrams associated with small mass parameters of Bp, B'p', pp, p'p, pp', p'p'. This situation 
is quite different from non-SUSY model, where these couplings are extremely suppressed by 
factor of v v /v. As for the gauge coupling unification, we must introduce extra particles, but 
anyhow, the supersymmetric extension of neutrinophilic Higgs doublet model can be easily 
constructed as shown above. 



3.1. A brief overview of thermal leptogenesis 

In the seesaw model, the smallness of the neutrino masses can be naturally explained by 
the small mixing between left-handed neutrinos and heavy right-handed Majorana neutrinos 
iVj. The basic part of the Lagrangian in the SM with right-handed neutrinos is described as 



where i,j = 1,2,3 denote the generation indices, h is the Yukawa coupling, and <P are 
the lepton and the Higgs doublets, respectively, and Mj is the lepton-number- violating mass 
term of the right-handed neutrino JVj (we are working on the basis of the right-handed 
neutrino mass eigenstates). With this Yukawa couplings, the mass of left-handed neutrino 
is expressed by the well-known formula 



§3. Leptogenesis 




(3-1) 




(3-2) 



The decay rate of the lightest right-handed neutrino is given by 




(3-3) 



Comparing to the Friedmann equation for a spatially flat spacetime 



H 2 = 



1 



(3-4) 



3MJ, 
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with the energy density of the radiation 



P = 7^9*T , (3-5) 

where g* denotes the effective degrees of freedom of relativistic particles and Mp ~ 2.4 x 10 18 
GeV is the reduced Planck mass, the condition of the out of equilibrium decay r Nl < H\ T=Mi 
is rewritten as 

thi = (^V)n^- < h \t= Mi = m * I 3 ' 6 ) 

with m* ~ 1 x 1CT 3 eV and v = 174 GeV. 

In the case of the hierarchical mass spectrum for right-handed neutrinos, the lepton 
asymmetry in the Universe is generated dominantly by CP-violating out of equilibrium 
decay of the lightest heavy neutrino, N\ — > and N\ — > Il<P. Then, its CP asymmetry is 
given bj^3 

_ r(Nx + Tj) - r(Ni ^<p* + ij) 



r(JVi -> $ + ij) + r{Ni + i 



3, 



8^(^)11^3 M ' 
Through the relations of the seesaw mechanism, this can be roughly estimated as 
_ 3 M x m 3 ^ , j1n _ 6 / Mt \ / m 3 \ 



„ ^-'^(iTO)(aSv)-* < 3 ' 8 > 

where 777.3 is the heaviest light neutrino mass normalized by 0.05 eV which is a preferred to 
account for atmospheric neutrino oscillation data.^ 

Using the above e, the resultant baryon asymmetry generated via thermal leptogenesis 
is expressed as 

— ~ Ck — , (3-9) 

s g* 

where g*\ T=M ~ 100 , the so-called dilution (or efficiency) factor k < O(0. 1) denotes the 
dilution by wash out processes, the coefficient 

8N f + ANm 

22N f + 13N H ' v ; 

with Nf and Nh being the number of fermion generation and Higgs doubletpS 1 is the factor 
of the conversion from lepton to baryon asymmetry by the sphaleron. 2 ^' In order to obtain 
the observed baryon asymmetry in our Universe n^/s ~ 10~ 10 J23 the inequality e > 10~ 7 is 
required. This can be rewritten as M\ > 10 9 GeV, which is the so-called Davidson-Ibarra 
bound for models with hierarchical right-handed neutrino mass spectrum.®'^ 
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3.2. leptogenesis in neutrinophilic THDM 

Now we consider leptogenesis in the neutrinophilic THDM with the extra Higgs doublet 
$ u described in Sec. 12.11 The relevant interaction part of Lagrangian Eq. (12 Tp is expressed 
as 

C N = -//^OVV, - i M M^i + h.c. (3-11) 

i 

The usual Higgs doublet in Eq. (13- ip is replaced by new Higgs doublet <P V . Again, we 
are working on the basis of the right-handed neutrino mass eigenstates. Then, with these 
Yukawa couplings, the mass of left-handed neutrino is given by 



Thus, for a smaller VEV of v v , a larger y v is required. 

The Boltzmann equation for the lightest right-handed neutrino N\, which is denoted by 
N here, is given by 

n N + 3Hn N = - 7 (JV -> L<P U ) - 7 (JV -> L$*) :decay 

+~l(L$ u ->• iV) + 7 (L<£* -)■ iV) :inverse decay 
- 7 (iVL -»■ A<?v) - 7 (iV^ -»■ LA) - 7 (iVL A$l) - j(N$l -»■ LA) 
-l-inverse processes : s-channel scattering 

- 7 (iVL -»■ A<?v) - 7 (JV«P I/ -»■ LA) - 7 (iVA -»■ L^) 
- 7 (iVL -> A<Z>*) - 7 (N<2>* -> LA) - 7 (iVA -> L^*) 
-l-inverse processes : t-channel scattering 

->y(NN -> Final) + 7 (Final ->■ iViV) : annihilation 
= -r D (n N - ri%) - r scat (n N - n e x) - (av(-> <P,<P u ))(n 2 N - n^ 2 ) (3-13) 

where and A denote the Higgs bosons, the neutrinophilic Higgs bosons and gauge 

bosons, respectively. Notice that usual AL = 1 lepton number violating scattering processes 
involving top quark is absent in this model, because has neutrino Yukawa couplings. 
Although the annihilation processes (NN — > Final) is noted in Eq. ( I3-I3p . in practice, this 
is not relevant because the coupling y\ x is so small, as will be shown later, to satisfy the out 
of equilibrium decay condition. 

The Boltzmann equation for the lepton asymmetry L = I — I is given by 

h L + 3Hn L 
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where 



7 (iV -> Z<2>„) - 7 (A> -> Z£*) 

— {7(/^zy — >■ iV) — 7<T$* — > N)} :decay and inverse decay 

- 7 (L4 -> N$ v ) + 7(L4 ->■ A><2>*) - 7 (JVZ ->• A3>„) 

+7(A7->- :s-channel AL = 1 scattering 

-7(M ->■ A3> v ) + 7 (M ->■ - 7 (L4 ->■ A^) + 7 (L4 ->■ A^>*) 

-7(Z0„ ->■ AT A) + 7(T<£* ->■ TV A) :t-channel AL = 1 scattering 

+2{7(f^* ->• Z0„) - j(l^ v ->■ :t and s-channel AL = 2 scattering 

er D (n N - n e £) - F w n L (3-14) 

1 TT/ 6 ^ 71 

— 7)~ %F N H — ^qT AL=1 j + 2r AL=1 ^ s + 2F AL=2 (3*15) 



is the wash-out rate. 

The condition of the out of equilibrium decay is given as 

vl Sttv 2 



™i = d/V)n^- < ^It=m, - ™* ( 7) (3-16) 



Notice that for v v <C v the upper bound on rh\ becomes more stringent, which implies 
that the lightest left-handed neutrino mass is almost vanishing m\ ~ 0. Alternatively the 
condition can be expressed as 



Hence, for the TeV scale Mi, the value of (y^y u )u must be very small, which can be 
realized by taking all y\ x to be small. Under such neutrino Yukawa couplings y v iX <C y^y^ 
and hierarchical right-handed neutrino mass spectrum, the CP asymmetry, 



£ ~ 



87r(^V) n ^ vy y ;i2 M 2 vy y ;i3 M 3 

3 m^Mi . 

■ sin0 



8tt 



3 , /0.1GeV\ 2 / Mi \ / m v \ 

10 (— J {mtv)(oj£v)^ < 318 ' 



16tt 



is significantly enhanced due to large Yukawa couplings y\ { and y^ as well as the tiny Higgs 
VEV v v . The thermal averaged interaction rate of AL = 2 scatterings is expressed as 



ii 



with 



J2\M\ 2 = 2\M t \* + 2\M s \^ 2 \l&Vpf\Tk-> for (3-20) 



The decoupling condition 



r (AL=2) k 2 9* T 
11 90 M P 



(3-21) 



for T < M\ is rewritten as 



4^ \ 4^ Mj / V 7 V 90 TM P 



For lower v v , AL = 2 wash out processes are more significant. Inequality f!3-22p gives the 
lower bound on v u in order to avoid too strong wash out. 

We here summarize all conditions for successful thermal leptogenesis, and the result is 
presented in Fig. [TJ The horizontal axis is the VEV of neutrino Higgs v v and the vertical axis 
is the mass of the lightest right-handed neutrino, M\. In the red brown region, the lightest 
right-handed neutrino decay into Higgs boson H with assuming Mh = 100 GeV, and lepton is 
kinematically not allowed. In turquoise region corresponds to inequality (I3-22|) . AL = 2 wash 
out effect is too strong. The red and green line is contour of the CP asymmetry of e — 10 -6 
and 10~ 7 , respectively, with the lightest right-handed neutrino decay in hierarchical right- 
handed neutrino mass spectrum. Thus, in the parameter region above the line of e = 10~ 7 , 
thermal leptogenesis easily works even with hierarchical masses of right-handed neutrinos. 
For the region below the line of e — 10~ 7 , the resonant leptogenesis mechanism,^ 1 where 
CP asymmetry is enhanced resonantly by degenerate right-handed neutrino masses, may 
work. Here we stress that, for v v 100 GeV, the required degree of mass degeneracy is 
considerably milder than that for the original resonant leptogenesis. 

3.3. Constraints on an UV theory 

Let us suppose that neutrinophilic THDM is derived from a model reviewed in Sec. I2.2l by 
integrated out a singlet field S. If S is relatively light, thermal leptogenesis discussed above 
could be affected. That is the annihilation processes of N% which has been justifiably ignored 
in Eq. (13- 13p . However, the annihilation could take place more efficiently via S-channel S 
scalar exchange processes in the UV theory.^ 

For example, the annihilation NiNi — > § v $* v with the amplitude 



\M\ 



s- M A Hs -iM Hs r Hs 



s - AMI 



(3-23) 
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0.1 1 10 100 1000 

v v (GeV) 

Fig. 1. Available region for leptogenesis. The horizontal axis is the VEV of neutrino Higgs v v and 
the vertical axis is the mass of the lightest right-handed neutrino mass M\. In the red brown 
region, the lightest right-handed neutrino decay into Higgs boson <P„ and lepton is kinematically 
forbidden. In turquoise region, AL = 2 wash out effect is too strong. The red and green line is 
contour of the CP asymmetry of e = 10 -6 and 10 , respectively, with the lightest right-handed 
neutrino decay in hierarchical right-handed neutrino mass spectrum. 

would not be in equilibrium, if 

\. < t0 <s „ ! ( 10!&V\ 3 " / JVfe^\ 2 
*"~ MfX 72 " V M, ) { 10' GeV ) • {iM > 

for Ms ^> T > Mi is satisfied. Here, Ijj s denotes the decay width of Hs- Constraints on 
other parameters such as A$ and k can be similarly obtained. 

§4. Supersymetric case: Reconciling to thermal leptogenesis, gravitino 

problem and neutralino dark matter 

As we have shown in Sec. 12.3} it is possible to construct a supersymmetric model with 
<& v . A discrete symmetry, called "R-parity", is imposed in many supersymmetric models in 
order to prohibit rapid proton decay. Another advantage of the conserved R-parity is that 
it guarantees the absolute stability of the LSP, which becomes a dark matter candidate. In 
large parameter space of supergravity model with gravity mediated SUSY breaking, gravitino 
has the mass of 0(100) GeV and decays into LSP (presumablly the lightest neutralino) at 
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late time after BBN. Then, decay products may affect the abundances of light elements 
produced during BBN. This is so-called "gravitino problem" P To avoid this problem, the 
upper bound on the reheating temperature after inflation 



T R < 10 6 - 10 7 GeV, 



(4-1) 



has been derived as depending on gravitino mass 



□ By comparing Eq. (14-11) with the CP 



violation in supersymmetric models with hierarchical right-handed neutrino masses, which 



it has been regarded that thermal leptogenesis through the decay of heavy right-handed 
neutrinos hardly work because of gravitino problem. 

As we have shown in the previous section, a sufficient CP violation e = O(10~ 6 ) can 
be realized for v v = 0(1) GeV in the hierarchical right-handed neutrino masses with M\ of 
O(10 5 — 10 6 ) GeV. This implies that the reheating temperature after inflation Tr of O(10 6 ) 
GeV is high enough in order to produce right-handed neutrinos by thermal scatterings. Thus, 
it is remarkable that SUSY neutrinophilic model with v v = 0(1) GeV can realize thermal 
leptogenesis in gravity mediated SUSY breaking with unstable gravitino. In this setup, the 
lightest neutralino could be LSP and dark matter with the standard thermal freeze out 
scenario. 



We have examined the possibility of thermal leptogenesis in neutrinophilic Higgs doublet 
models, whose tiny VEV gives neutrino Dirac mass term. Thanks to the tiny VEV of the 
neutrinophilic Higgs field, neutrino Yukawa couplings are not necessarily small, instead, 
they tend to be large, and the CP asymmetry in the lightest right-handed neutrino decay 
is significantly enlarged. Although the AL = 2 wash out effect also could be enhanced 
simlitaneously, we have found the available parameter region where its wash out effect is 
avoided as keeping the CP asymmetry large enough. In addition, in a supersymmetric 
neutrinophilic Higgs doublet model, we have pointed out that thermal leptogenesis in gravity 
mediated SUSY breaking works well without confronting gravitino problem. Where the 
lightest neutralino could be LSP and dark matter with the standard thermal freeze out 
scenario. 



is about four times larger than that in non-supersymmetric modeP^ 1 as, 




(4-2) 



5. Conclusion 
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Fig. 2. The same as Fig. [I] but with Eq. (|4-2p . The additional horizontal black dashed line 
represents a reference value of the upper bound on reheating temperature after inflation Tr of 
10 6 GeV from gravitino overproduction. 
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